Primary sensory neurons form the interface between world and brain. Their function is well-13 understood during passive stimulation but, under natural behaving conditions, sense organs 14 are under active, motor control. In an attempt to predict primary neuron firing under natural 15 conditions of sensorimotor integration, we recorded from primary mechanosensory neurons 16 of awake, head-fixed mice as they explored a pole with their whiskers, and simultaneously 17 measured both whisker motion and forces with high-speed videography. Using Generalised 18 Linear Models, we found that primary neuron responses were poorly predicted by whisker 19 angle, but well-predicted by rotational forces acting on the whisker: both during touch and 20 free-air whisker motion. These results are in apparent contrast to previous studies of passive 21 stimulation, but could be reconciled by differences in the kinematics-force relationship 22 between active and passive conditions. Thus, simple statistical models can predict rich neural 23 activity elicited by natural, exploratory behaviour involving active movement of the sense 24 organs. 25 26 27 75 5
INTRODUCTION 28
A major challenge of sensory neuroscience is to understand the encoding properties of 29 neurons to the point that their spiking activity can be predicted in the awake animal, during
We found, during active object exploration, that curvature change, but not whisker angle, 172 predicts PWN firing. In apparent contrast, studies using passive whisker stimulation have 173 reported that PWNs encode whisker angle and its temporal derivatives (Zucker and Welker, 174 1969; Gibson and Welker, 1983; Lichtenstein et al. 1990; Jones et al. 2004; Arabzadeh et al. 175 2005; Bale and Petersen, 2009; Lottem and Azouz, 2011; Bale et al. 2013) . We wondered 176 whether the discrepancy might be due to differences in whisker mechanics between passive 177 and active stimulation conditions. To test this, we analysed the relationship between angle 
181
Important contributory factors were that the angle-curvature relationship was both different 182 for touch compared to non-touch ( Figure 4F ) and dependent on object location ( Figure 4G ).In In the endeavour to understand how neurons encode and process sensory information, there is 195 a basic tension between the desire for tight experimental control and the desire to study 196 animals under natural, unconstrained conditions. Theories of sensory encoding suggest that 197 neural circuits have evolved to operate efficiently under natural conditions (Simoncelli and 198 Olshausen, 2001; Reinagel 2001) . Previous studies have succeeded in predicting/decoding 199 spikes evoked by passive presentation of natural sensory stimuli to anaesthetised/immobilised 200 animals (Lewen et al. 2001; Arabzadeh et al. 2005; Pillow et al. 2008; Mante et al. 2008; 201 Lottem and Azouz, 2011; Bale et al. 2013) , but it has been difficult to extend this approach to 202 encompass natural, active movement of the sense organs. Here we have addressed this 203 general issue, taking advantage of experimental possibilities recently created in the whisker 204 system (O'Connor et al.2010a) , and the ability of computational methods, such as GLMs, to 205 uncover stimulus-response relationships even from data with complex statistical structure 206 (Paninski et al. 2007; Fairhall and Sompolinski, 2014) . Our main finding was that responses 207 of PWNs, recorded as an awake mouse actively explores an object with its whiskers, can be 208 predicted from the forces acting on the whiskers. Given that, for each unit, we were 209 attempting to predict the entire ~70 s time course of activity, the variability of the behaviour 210 of untrained mice (O'Connor et al. 2010a) , and the lack of trial-averaging as a noise 211 reduction strategy, it is remarkable that we found model prediction correlation coefficients up 212 to 0.88. A challenge of studying neural coding under unconstrained, awake conditions is that 213 sensory variables tend to correlate. A useful feature of the GLM training procedure is that it 214 takes such correlations into account. We found that, although whisker angle predicted spikes 215 for a subset of units, this effect was very largely explained by a curvature-coding model, 216 together with the correlation between angle and curvature.
218
Mechanical framework for tactile coding 219 Pushing a whisker against an object triggers spiking in many PWNs (Szwed et al. 2003 (Szwed et al. , 220 2006 Leiser and Moxon, 2007) . Biomechanical modelling by Hartmann and co-workers 221 accounts for this by a framework where the whisker is idealised as an elastic beam, 222 cantilever-mounted in the skin (Birdwell et al. 2007; Quist et al. 2014) . When such a beam 223 pushes against an object, the beam bends, causing reaction forces at its base. Our data are in 224 striking agreement with the general suggestion that mechanoreceptor activity is closely 225 related to such reaction forces. Our results show that curvature change associated both with 226 contact-induced whisker bending and with whisker rotation predicts PWN spiking. Our 227 results also provide a mechanical basis for previous findings: our finding of subtypes of 228 curvature-only and curvature-acceleration PWNs is consistent with previous reports of 229 'touch' and 'whisking-touch' units (Szwed et al. 2003; 2006) . Thus, a common framework 230 accounts for diverse PWN properties.
231
Our finding that whisker angle predicts PWN spikes poorly indicates that whisker angle can 232 change without modulating mechanotransduction in the follicle. This is consistent with 233 evidence that, during artificial whisking, the follicle-shaft complex moves as a rigid unit 234 (Bagdasarian et al. 2013) . In apparent contrast, previous studies using passive stimulation in 235 anaesthetised animals have consistently reported a tight relationship between whisker 236 kinematics and PWN response. In the cantilever whisker model, passively induced changes in 237 whisker angle correlate highly with whisker bending. We confirmed that this applies to real 238 whiskers in vivo and demonstrate that moment-sensitive units can thereby appear angle-239 tuned. In this way, moment-encoding can account for primary neuron responses not only 240 during active touch but also under passive stimulation. More generally, our results highlight 241 the importance of studying neurons under natural, active sensing conditions.
242
In this study, we considered PWN encoding under conditions of pole contact, since this is 243 well-suited to reaction force estimation (O'Connor et al. 2010a; Pammer et al. 2013 ) and 244 involves object-stimulus interactions on a ~100 ms time-scale that is conducive to single-trial 245 analysis. Since whisker bending is ubiquitous in whisking behaviour, it is likely that our 246 finding of curvature sensitivity is a general one. However, prediction performance varied 247 across units, suggesting that other force components may also be encoded. Other 
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It is axiomatic that mechanoreceptors are sensors of internal forces acting in the tissue within 253 which they are embedded (Abraira and Ginty, 2013) and therefore valuable to be able to 254 measure mechanical forces in the awake, behaving animal. In general, including the 255 important case of primate hand-use, the complex biomechanics of skin makes force-256 estimation difficult (Phillips and Johnson, 1981) . In contrast, for whiskers, the quasi-static 257 relationship is relatively simple: the bending moment on a whisker is proportional to its 258 curvature and this has the important implication that reaction forces can be directly estimated 259 from videography in vivo (Birdwell et al. 2007; O'Connor et al. 2010a; Pammer et al. 2013) .
260
Our results are the first direct demonstration that such reaction forces drive primary sensory 278 We have shown that the responses of primary whisker neurons can be predicted, during 279 natural behaviour that includes active motor control of the sense organ, from forces acting on 280 the whiskers. These results provide a bridge linking receptor mechanisms to behaviour. were not trained on any task. A mouse was placed inside a perspex tube (inner diameter 32 298 mm), from which its head emerged at one end, and immobilised by fixing the head-bar to a 299 custom mount holder. The whiskers were free of the tube at all times. The stimulus object 300 was a 1.59 mm diameter metal pole, located ~3.5mm lateral to the mouse's snout. To allow 301 control of its anterior/posterior location, the pole was mounted on a frictionless linear slide 302 (Schneeberger NDN 2-50.40) and coupled to a linear stepper motor (Zaber NA08B30). To 303 allow vertical movement of the pole into and out of range of the whiskers, the pole/actuator 304 assembly was mounted on a pneumatic linear slide (Festo SLS-10-30-P-A), powered by 305 compressed air. The airflow was controlled by a relay (Weidmüller). In this way, the pole 306 moved rapidly (~0.15 s) into and out of range of the whiskers. The apparatus was controlled 307 from Matlab via a real-time processor (TDT, RX8).
277

Summary and Conclusion
308
Electrophysiology 309 We recorded the activity of PWNs from awake mice in the following way. To permit reliable 310 whisker tracking (see below), before each recording session, A, B and E whisker rows were 311 trimmed to the level of the fur, under brief isoflurane anaesthesia. The trigeminal ganglion 312 was targeted as previously described (Bale et al. 2015) . The silicone seal was removed and a 313 3/4 shank tungsten microelectrode array (FHC, recording electrodes 8MΩ at 1kHz, reference 314 1MΩ; tip spacing ~500 μm) was lowered through the brain (angle 4 ° to vertical in the 315 coronal plane) using a micromanipulator (Scientifica, PatchStar) under isoflurane 316 anaesthesia. Extracellular potentials were pre-amplified, digitised (24.4 kHz), filtered (band 317 pass 300-3000 Hz) and acquired continuously to hard disk (TDT, RZ5). The trigeminal 318 ganglion was encountered 6-7 mm vertically below the pial surface and whisker-response 319 units identified by manual deflection of the whiskers with a small probe. Once a well-isolated 320 unit was found, the whisker that it innervated (the 'principal whisker', PW) was identified by 321 manual stimulation. To define the PW, we deflected not only untrimmed whiskers but also 322 the stubs of the trimmed whiskers. Any unit whose PW was a trimmed whisker was ignored.
323
At this point, anaesthesia was discontinued. Once the mouse was awake, we recorded 324 neuronal activity during repeated presentations of the pole ('trials'). Before the start of each 325 trial, the pole was in the down position, out of reach of the whiskers. The pole was first 326 moved anterior-posteriorly to a position chosen randomly out of a set of 11 possible 327 positions, spanning a range ±6 mm with respect to the resting position of the base of the PW.
328
A trial was initiated by activating the pneumatic slide relay, thus moving the pole up into the 329 whisker field, where it remained for 3s before being lowered. At the end of a recording 330 16 session, the microelectrode array was withdrawn, the craniotomy sealed with silicone 331 elastomer, and the mouse returned to its home cage. 
339
Response to touch and non-touch events 340 Mouse whisking behaviour during the awake recording was segmented into 'touch', and 'non-341 touch' episodes. Touches between the PW of each unit and the pole were detected manually 342 in each frame of the high-speed video. A frame was scored as touch if no background pixels 343 were visible between the pole silhouette and the whisker. Any frame not scored as a touch 344 was scored as non-touch. Touch and non-touch firing rates for a given unit were computed by 345 averaging activity over all corresponding episodes.
346
Whisker tracking 347 Since the trigeminal ganglion lacks topography, it is difficult to target units that innervate a 348 specific whisker, and therefore desirable for a whisker tracker to be robust to the presence of 349 multiple rows of whiskers. However, since neurons in the ganglion innervate individual 350 whiskers, it is sufficient to track only one whisker (the PW) for each recorded neuron. To 351 extract kinematic/mechanical whisker information, we therefore developed a whisker tracker calculated from the whisker angle time series after smoothing with a Savitzky-Golay filter 402 (polynomial order 5; frame size 31 ms).
403
Push angle -the change in angle as a whisker pushes against an object -was measured during 404 touch epochs. For each touch episode, we determined the value of the angle in the frame 405 before touch onset and subtracted this from the whisker angles during the touch. unit was significantly amplitude-tuned, we fitted a regression line to its amplitude tuning 432 curve and tested whether the slope was statistically significantly different to 0 (p=0.0025,
433
Bonferroni corrected). To determine whether a unit was significantly phase-tuned, we 
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Here n * t , the output in bin t, was a Bernoulli (spike or no-spike) random variable. The 462 probability of a spike in bin t, y t , depended on three terms: (1) the dot product between the 463 stimulus history vector = (x t-Lk+1 ,…,x t ) and a 'stimulus filter' (length L k = 5); (2) the dot 464 product between the spike history vector * = (n * t-Lh+1 ,…,n * t ) and a 'spike history filter' ℎ features. To test whether the results were robust to the smoothing time-scale, the above 495 procedure was repeated for a range of box-car smoothing filters (1, 5, 10, 20, 50, 70 ms tuning functions ( Figure 3B) . Given a stimulus time series x t , the quadratic stimulus history 508 vector was [x t-Lk+1 ,…,x t ,x 2 t-Lk+1 ,…,x 2 t ]. Fitting methods were otherwise identical to those 509 detailed above. corresponding GLM predicted response. Such a PCC is downwards biased by random 541 response variability.
542
To gauge the approximate magnitude of this downward bias, we used a simulation approach.
543
By simulating the response of model neurons, we could deliver identical, repeated trials and, 544 thereby compare model prediction performance by a metric based on trial-averaging with that 545 based on the single-trial approach. To this end, for each recorded unit, we used the best-546 fitting curvature change GLM to generate 100 trials of spike trains evoked by the curvature 547 time series measured for that unit. Data from the first of these trials was used to fit the 548 parameters of a minimal 'refitted GLM' (stimulus filter length 1, spike history filter length 2; 549 bias; total 4 free parameters), and the single-trial performance quantified, using the approach 550 of the main text (Figure 2-figure supplement 1B, left) . Next, we used the refitted GLM to where r is the magnitude of the lever arm vector from whisker base to contact point, and φ 839 is the angle between and . The components F ax and F lat were then found by projecting 840 onto the tangent and normal to the whisker at its base, respectively:
843
Here is the angle between the tangent to the whisker at its base and the horizontal; 844 is the angle between and the horizontal. 
906
For each whisker-sensitive unit, an acceleration tuning curve was estimated ( Figure 3B ). The data of Figure 4 show a strong correlation between whisker angle and whisker curvature 915 during passive stimulation of the whisker. To test whether this correlation might make 916 curvature-tuned units appear angle-tuned, we used a simulation approach. This allowed us to 917 generate responses from idealised neurons whose true tuning was known, by construction, to 918 be only to curvature. We simulated responses of such neurons to the curvature change time 919 series obtained from passive white noise stimulation (A1-2). We then trained a GLM to 920 predict these curvature-evoked spikes using only whisker angle as input (A3-A4). Despite 921 being fed the 'wrong' input, this GLM was able to predict the spikes accurately (for C2 922 whisker, angle PCC was 0.90, curvature change PCC 0.94; results similar for C5; C). This 923 result was robust to different choices of feature tuning (B-C). Coloured dots mark the times of the example frames in panel A and shading from blue to aqua 944 indicates curvature change. This whisker has negative intrinsic curvature. As the actuator applies 945 force to the whisker, the whisker straightens up and the curvature increases. 946
